Carbon nanotubes have been subject of intensive research because of their outstanding physical properties. The problem of dissolving the aggregation of tubes in bundles formed by strong van der Waals force is addressed in this study. A complete understanding about carbon nanotubes properties is necessary in order to obtain a process of detachment that cause no damage to the tubes. Detachment can be promoted by means of amphiphilic adsorption in water solution. We have studied this phenomenon by means Monte Carlo simulation. The algorithm used was Metropolis algorithm. The analysis of equilibrium was done by means of structure function.
Introduction
Since its discovery in 1991 by Iijima [1] carbon nanotubes have been the subject of intense scientific research [2] . This fact occurs due their unique properties such as electrical conduction (%10 3 A/ cm 2 ), tensile strength (%45 Â 10 6 Pa), and heat transmission (%6000 W/mK, about two times as high as diamond heat transmission) [3] [4] [5] . These properties are function of the carbon nanotube morphology, which is defined by diameter and chirality of the nanotube. There is a large number of theoretical and confirmed applications in many areas of science, engineering and other areas [6] . Nevertheless there are some difficulties in reaching this aim. A major challenge is to obtain carbon nanotubes in large quantities at low price by a feasible production method. Another difficulty is the aggregation effect of carbon nanotubes [7] . In most existent methods of production many different kinds of nanotubes are produced. When in solution they are attracted by strong van der Waals forces (%500 eV/lm per micrometer of tube-tube contact [8] ) forming branches of parallel tubes. The use of carbon nanotubes in a specific application depends on the separation of the nanotubes of the bundle but this is a difficult task to accomplish. An interesting approach is placing the nanotubes in a solution containing surfactants or polymeric structures for wrapping the CNTs and debundling them. Dendritic macromolecules such as PETIM can wrap CNTs and detach them, but a complex is formed altering CNT properties [9] . Many researchers have tried to promote CNT separation by means of surfactant (or amphiphilic) molecules in aqueous solution [10, 7, 8, [11] [12] [13] [14] . This process is inexpensive and causes no damage to the nanotube structure that could promote the loss of nanotubes properties. The knowledge about surfactant-carbon nanotube aggregation in aqueous solution process can give important information to resolve the aggregation trouble and allow the use of carbon nanotubes in various applications.
In the present work carbon nanotubes in presence of surfactant molecules in aqueous solution are simulated by Monte Carlo method in different concentrations and temperatures. Our model is bi-dimensional and off-lattice, with Larson-type particles. The algorithm used to attain the equilibrium configuration is the Metropolis Algorithm [15] . The study of the equilibrium has been done by means of the radial distribution function.
Model and simulation details
All molecules of our model are formed by impenetrable disks with diameter d. Each water molecule (w) is represented by a single disk. An amphiphilic molecule is represented by five disks (a head particle h and four tail particles t, making a h 1 t 4 structure) whose centers are separated by a fixed bond distance equal to d. Due its simplicity a water molecule moves only by translation. The amphiphilics move by translation, rotation, reptation and pivoting (see Fig. 1 ). The carbon nanotubes move by rotation around its own axis and by translation.
Each particle of a molecule can interact with the particles of other molecules. The configurational energy was not considered. The potential between the pairs h-h, t-t, h-w, t-cn and cn-cn are a simplification of the Lennard-Jones potential with a exclusion region of size d and a potential well with a cut distance equal to 3d. The potential between the pairs h-t, t-w, h-nc e w-nc has a exclusion region of size d and a repulsive region with size 3d. The intensity of each attraction or repulsion for these pairs is E 0 . The pair w-w has a different potential with a exclusion region of size d followed by a repulsion region with size d and energy 6E 0 and a À E 0 potential well.
The potentials are represented in Fig. 2 . The Hamiltonian of this model is expressed in following equation
where r is the distance between the centers of two particles i and j, J ij is the intensity of the potential between these particles and S i and S j are the i and j particle ''charges''. The resulting product S i S j is showed in Table 1 .
All molecules are inside a square box of size L. The boundary conditions adopted is rigid wall. Then, if a molecule will cross the limit of the box the movement is simply rejected.
The movements are performed by first randomly choosing a molecule and then randomly choosing one of the allowed movements to that molecule. Then the new system energy is calculated and the Metropolis condition to the movement is analyzed. A Monte Carlo step (MCS) is defined as the number of tries to move all molecules of the system. The equilibrium is studied by means of the radial distribution function defined by [16] [17] [18] :
where N k ðr; DrÞ is the number of molecules inside a circular layer with internal radius r and external radius r + Dr, M is the number of samples, N is the number of molecules in the system and q ¼ N V is the density.
Results and discussions
The first analysis was performed by simulating water in a box. The box size used in these simulations was L = 40d. This size was chosen because thermalization is achieved very slowly for low Fig. 1 . Amphiphilics allowed movements. In translation, the five disks are displaced by the same vector. In rotation, the center of a randomly chosen disk is the rotation axis. Pivoting happens by choosing a random atom and ''bending'' the molecule in that site to the other possible angle of 109.5°. In reptation, one of the ends of the molecule moves to a new allowed position so that the others follow it and move to current position of their neighbors in the chain. carbon-water interaction. Table 1 All possible S i S j products. Repulsion intensities between molecules for which r ij 6 d is 1 (hard disk condition).
temperatures. The temperature utilized in this work is the reduced temperature T ¼
where T r is the real absolute temperature, k b is the Boltzmann constant and E 0 is the energy of a water bond. The amount of water in the box was chosen in order to obtain liquidlike behavior. Smaller quantities will make the system behave as a gas. As expected it was found that for lower temperatures the system had an organized structure of a solid phase, and displayed a unordered liquid behavior for higher temperatures. The structure formed when T < 1.0 is a hexagonal lattice as seen in Fig. 3a for T = 0.5. In Fig. 3b we see the non-ordered structure of the liquid phase at T = 1.4. These are pictures of the system we obtained after it had reached equilibrium and they are in agreement with results found in literature [15, 19] . . The average separation between molecules is expected to be 2d, which is confirmed by the peaks at r % 2d in Fig. 4a and b . Also, the periodicity of peaks in (a), and its absence in (b), confirms the expected distinction between ordered and unordered phases.
A second analysis was made introducing amphiphilic molecules and water in a L = 100d box. We performed simulations in different temperatures and amphiphilic concentrations. The concentration definitions used in this work are [20] :
X i ¼ Number of aggregates with i amphiphilics Total volume ðL Â LÞ ð4Þ behavior concerns the aggregation of amphiphilics in typical surfactant equilibrium structures such as micelles, lamellae or vesicles. These structures were observed in our simulations. Micelles appear at small concentrations (X amph = 0.004 in temperature T = 0.3). Lamellae occur at medium concentration (above X amph = 0.006). At this concentration micelles are elongated cylinders (cylindrical micelles). Vesicles have appeared only for higher concentrations (X amph P 0.014). These results show that our amphiphilic model is appropriate, since it agrees with results obtained by other researchers [22] . In Fig. 6 we have a picture of the system after reaching equilibrium, with 2380 water molecules and 40 amphiphilics at temperature T = 3, and the details around a micelle. The simulations with nanotubes were carried out in a L = 100d box in presence of water and different concentrations of amphiphilics. Simulations with one, two and three nanotubes were performed. In simulations with 1 nanotube the aggregation of nanotubes cannot take place. Nevertheless this situation is appropriate to study the amphiphilic-nanotube aggregate in thermal equilibrium. In small concentrations and temperature T = 3.0 the amphiphilics form aggregates like micelles around the nanotube. An interesting phenomenon is that elongated micelles here occur at concentrations lower than before, when nanotubes were absent. This suggests that nanotubes make lamellae and vesicle formation more likely. At higher concentrations, the amphiphilics form deformed lamellae aggregates around the nanotubes. For higher concentrations the aggregates formed by amphiphilics are deformed vesicles. Fig. 7 shows some of these structures. Fig. 8 shows the results of radial distribution function for different concentrations. In these curves r is the distance between an amphiphilic head and the nanotube center. Note that the curve of X amph = 0.006 shows a high density of amphiphilics at farther distances from nanotubes. This reveals the presence of a lamella around the carbon nanotube. The X amph = 0.002 curve has a maximum around r = 6,5d. This dis- tance is approximately the sum of the amphiphilic size and the nanotube radius (r nc + d amph w 6.3d). It shows that the amphiphilics stand strained with the tail end near the nanotubes surface for small concentrations. In higher concentrations the maximum occurs at smaller r values. For these concentrations the aggregate around the nanotube is larger. This explains why the formation of a strained configuration of amphiphilics is more difficult. Fig. 9 shows the results of the radial distribution function averaged over 40 samples obtained after thermal equilibrium. These images show some peaks around r = 2.5 meaning the amphiphilic head is near the nanotube surface. According to the hamiltonian describing the system, that is an unfavorable energetic situation. This result suggests that the nanotube deforms the amphiphilic aggregate when it penetrates the aggregate. These amphiphilics stand in this situation and cannot easily change their configuration. Fig. 10 shows pictures of the thermal equilibrium with different kinds of aggregates. At T = 4.0 the system behaves similarly to T = 3.0 only for higher amphiphilics concentrations. At temperature T = 5.0 the amphiphilics do not form aggregates around the nanotubes.
The simulations with two nanotubes always started with nanotubes placed touching each other. In aqueous solution without amphiphilics the nanotubes do not dissociate. Dissociation process will only take place when the nanotubes do not interact with each other, which occurs for distances greater than 3d. Then two nanotubes are dissociated when the minor distance between a particle of one nanotube and a particle of the other nanotube is greater than 3d. At temperature T = 3.0 dissociation does not occur for small concentrations. In our simulations with X amph = 0.006, there is enough amphiphilic to form an aggregate that could cause separation, yet the aggregates that are formed are not bulky enough. Only for concentrations above X amph = 0.008 dissociation occurs. In all simulation with X amph P 0.008 carbon nanotube dissociation was observed. In higher amphiphilics concentrations vesicles appear in the system and the nanotubes stay inside the vesicles. In simulations with 3 nanotubes the same concentration thresholds were observed for dissociation. At concentrations below X amph = 0.008 the nanotubes stay together. This implies the determinant factor for this dissociation is the capacity of the amphiphilics to form big enough aggregates. In other words this capacity is determined by the number or fraction of amphiphilics in the system. This result has already been reported in a recent experimental work [23] .
Conclusions
The separation of carbon nanotubes from the bundles of tubes by use of amphiphilic molecules in aqueous solution was studied with Monte Carlo Simulation. Our model actually showed some characteristics of this detachment. Detachment only took place for larger amphiphilic concentrations. The determinant characteristic that defines the detachment in our model is the capacity of the formation of big aggregates of amphiphilic molecules around the nanotubes. The amphiphilics surrounding the nanotubes are responsible for this detachment. This detachment process is suitable given its simplicity concerning materials, not to mention the low costs involved. Nevertheless, this process does not destroy or modify the nanotubes structure, keeping their properties intact. With our model we found that the concentration of amphiphilics in the system defines how effective is the detachment of carbon nanotubes, which is corroborated by recent experimental results [23] .
